Positron emission tomography (PET) using
L
YMPHOMA is a general term that refers to a group of malignancies originating in the lymphoid tissue, including Hodgkin's disease (HD) and nonHodgkin's lymphoma (NHL). Lymphomas represent approximately 8% of adult malignancies 1 and 10% of childhood tumors. 2 The outcome of patients with lymphoma is, in general, better as compared with other cancers. 3 They are potentially curable malignancies. More than 70% of patients with newly diagnosed lymphoma respond to combination radio-and/or chemotherapy regimens. 3 The appropriate selection of treatment after accurate staging and risk stratification, as well as improved therapeutic monitoring, has resulted in a high success rate in lymphoma management. Survival rates of lymphoma patients have increased during the last decades. 4, 5 A subgroup of patients with HD at high risk for disease progression and those with recurrent disease may benefit from more aggressive treatment, such as high-dose chemotherapy and bone marrow transplantation. 4 On the other hand, in patients with low-risk HD, shorter treatment cycles, in an attempt to minimize side effects related to treatment, especially in children and young patients, are the goal in therapy planning.
NHL represents a group of patients with more complex clinical challenges. Based on histology and origin of NHL cells, their classification has a significant impact on patient management, prediction of outcome, and treatment planning. 6 More than 50% of patients with aggressive NHL reach complete response (CR) with first-line chemotherapy, followed by an annual relapse rate of about 7%. 6 The amount of tumor load at the time second-line aggressive treatment is instituted represents a major factor in determining the results of salvage therapy and is significant in governing future outcome. 7, 8 Precise classification and staging of lymphoma, timely evaluation of response to treatment, as well as early detection of recurrence, all play a crucial role in the proper management of patients with lymphoma. Using the appropriate diagnostic tests is of utmost significance for correct assessment of lymphoma. Positron emission tomography (PET) using 18 F-fluoro-deoxyglucose (FDG) is a metabolic imaging modality. Increased glycolytic activity in malignant cells is the basis for increased FDG uptake in lymphoma as well as in various other tumors. Despite the widespread availability of anatomic imaging tests, primarily computed tomography (CT), and of other well established functional nuclear medicine techniques, 67 Gallium (Ga-67) scintigraphy in particular, the use of PET has been advocated for assessment of both HD and NHL.
The technique for performing state-of-the-art PET studies in patients with lymphoma is similar to the protocol used in other malignancies. The administered dose of FDG (at least 370 MBq), the time of performing the study after injection of the tracer (60 -90 min) , and the type of imaging device and protocol used (dedicated PET, attenuation correction) are important technical factors. Careful attention to technical details enhances the quality and performance capabilities of the test in the routine clinical setting as well as for research purposes.
Interpretation of PET studies may be hampered by limitations inherent to the PET system or to the degree of disease metabolism. False-negative results can be related to small lesion size or to a low concentration of FDG in hypometabolic tumor types or individual lesions. [9] [10] [11] Equivocal findings in areas of physiologic tracer distribution and abnormal FDG uptake in benign processes, unrelated to cancer, also have to be considered. Knowledge of these potential pitfalls is of particular importance in lymphoma, a multifocal disease that may involve any region of the body, and a malignancy where correct staging and localization of involved sites have a very important role in the future management of individual patients.
Accumulation of FDG is observed in normal tissues with increased glucose metabolism, such as the brain, liver, skeletal muscles, myocardium, and in the pathways of excretion of FDG, the intestinal tract, kidneys and urinary bladder. Although the pattern of physiological uptake is usually clearly defined, normal uptake can be interpreted as sites of active lymphoma or may hide adjacent sites of lymphomatous involvement. 12 High tracer uptake by macrophages and granulation tissue has been reported and can be the cause for FDG-avid processes such as sarcoidosis, Wegener granulomatosis, sinusitis, gastritis and thyroiditis. These conditions have at times been falsely related to lymphoma. 13 Knowledge of previous treatment, as well as its timing in relationship to the performance of the study are important. PET performed less than 10 days after a chemotherapy cycle may lead to false-negative results whereas a study performed shortly after treatment may induce false positives as a result of inflammatory reactions in surgical scars after biopsy, chemotherapy induced alveolitis, or radiation induced lung or retroperitoneal fibrosis. 13 Up to 30% of children and young adults may show increased FDG activity in the thymus, appearing as an arrow-shaped or bilobar area of tracer uptake in the anterior mediastinum, further enhanced by treatment induced hyperplasia. 14, 15 Diffuse increased uptake in the skeleton or in an enlarged spleen may also be the result of supportive drugs administered simultaneously with chemotherapy. 16, 17 These are still open issues that indicate the need for optimization of imaging techniques. The recent development of a new imaging modality makes it possible to perform sequential PET and CT studies on a single device in a same-day session. This provides simultaneous acquisition of anatomic and metabolic data related to the status of various types of malignancy, including lymphoma. 18 The clinical applications of PET-CT are currently being extensively explored. Preliminary, initial reports have shown this hybrid imaging to provide a precise anatomic localization of hypermetabolic lesions. Restaging of lymphoma using PET-CT has been found to be superior to PET and CT alone. 19 In a report on the clinical utility of PET-CT in the evaluation of advanced T-cell lymphoma of the skin, treatment was altered in most patients after PET-CT because of the detection of more extensive disease. 20 In the future PET-CT will provide more precise staging and restaging of lymphoma, which should have a significant impact on patient management.
FDG-PET IN THE DIAGNOSIS AND STAGING OF LYMPHOMA
Metabolic imaging using FDG-PET provides the functional characterization of tissues unrelated to morphologic criteria. The intracellular accumulation of FDG reflects the glycolytic metabolic rate in malignant cells, which is, as a rule, higher as compared with that of normal tissues. 21 In an initial study published 17 years ago, Paul was the first to describe increased FDG uptake in five patients with NHL. 22 Although high FDG-avidity has been reported in most types of lymphoma, there is some controversy regarding a lower degree of uptake by some histological subtypes of NHL. In a study by Newman and coworkers, all histological types of NHL were successfully imaged with FDG-PET, with no significant difference in standardized uptake values (SUV) among different sites and grades of disease. 23 The prospective comparison of PET and CT accuracy indicated that all sites of adenopathy demonstrated on CT were also detected on PET. 23 FDG-PET was found to be of value in the diagnosis of HD and aggressive NHL. 24,25 Low-grade NHL, a more problematic group of lymphomas, has shown a relatively low sensitivity for detection of disease in some studies 26,27 whereas other authors have reported comparable performance indices to those of other histological types. 23, 28, 29 It is generally accepted that FDG-PET may have a role in diagnosis and staging of low-grade follicular NHL. For other subtypes of low-grade lymphoma (small lymphocytic and probably mantle cell lymphoma) the routine use of PET is still an issue that needs further evaluation. 24 The role of FDG-PET in diagnosis and evaluation of mucosa-associated lymphoid tissue (MALT) type lymphoma is questionable. PET did not detect disease in 10 patients with confirmed MALT lymphoma and was therefore not considered of value for staging and follow-up of this type of disease. 27 Similar discouraging results have been demonstrated in a small group of patients with follicular lymphoma of the duodenum. 30 In contrast, marginal zone B-cell lymphoma, an entity that was initially considered to originate from MALT lymphoma, but is, in recent reports, classified as a distinctive histologic type, was shown to take up FDG. Although extranodal sites of disease were not detected, FDG-PET appeared to allow for the diagnosis of lymph node involvement of marginal zone lymphoma. 31 The role of FDG-PET in the evaluation of tumoral metabolic activity as a predictor of prognosis of patients with lymphoma has been assessed. These studies have investigated the relationship between the presence and degree of FDG uptake, indices of cell proliferation, and histologic grade of disease and report mixed results. Some studies have found a significant positive correlation between FDG uptake and histologic grade in newly diagnosed lymphoma. A higher degree of FDG uptake was directly related to a higher histologic grade, associated also with increased proliferative activity. 32 Other studies have shown only a weak correlation between FDG uptake and indices of cell proliferation, and report that PET is not useful for further prediction of malignancy grade of NHL. 33, 34 A report in 21 lymphoma patients investigated the relationship between FDG uptake and prognosis and found that uptake values were higher in three patients with intermediate-grade NHL who had a poor prognosis and in one patient with high-grade lymphoma. The lowest value of FDG uptake was found in one patient with low-grade NHL. 35 In an additional study aimed to evaluate FDG-PET as a predictor of prognosis, aggressive and treatment-resistant tumors showed a trend toward higher uptake of FDG with an inverse relationship between the survival rate of patients and the degree of FDG uptake. 36 One of the most important factors influencing overall and disease-free survival of lymphoma patients is, besides histology, the extent of disease. Accurate staging is essential for optimizing patient therapy and for determining the prognosis of patients with both HD and NHL. 4, 5, [37] [38] [39] [40] Clinical staging of lymphoma has traditionally included physical examination, laboratory data such as erythrocyte sedimentation rate and serum lactic dehydrogenase measurements, and bone marrow biopsy (BMB). Imaging of the thorax, abdomen and pelvis using CT have been widely used in staging of lymphoma. Anatomic imaging modalities, however, lack both sensitivity and specificity. 41, 42 The definition of lymph node involvement on anatomic imaging modalities is based on size criteria. 41, 43 An active tumor site in a small lymph node can be missed on CT while benign, inflammatory lymphadenopathy can be misinterpreted falsely as indicating lymphoma. This may further lead to erroneous under-or over-staging.
During the last decade PET using FDG has been introduced as an additional tool for noninvasive staging of lymphoma (Fig 1) . 10 Several studies have assessed the value of FDG-PET in the baseline evaluation of HD and NHL. A study including 50 patients compared PET-FDG for staging of HD and NHL to CT. 29 The sensitivity and specificity of PET were 86% and 96%, respectively, for HD and 89% and 100% for NHL. The sensitivity and specificity of CT were 81% and 41% for HD and 86% and 67% for NHL. In this study FDG uptake was demonstrated in high-as well as low-grade NHL. PET-FDG was found to detect more lesions then CT or physical examination, however this additional information rarely resulted in a change in staging of disease. 44 Moog and coworkers showed FDG-PET to be superior to CT in the initial staging of HD and NHL. 28 FDG-PET correctly identified all sites of nodal involvement seen on CT, detected additional lesions not demonstrated on CT and excluded the presence of lymphoma in one false-positive CT lesion. In this study, the information provided by PET led to a change in the initial stage in 8% of patients.
The complementary role of FDG-PET to conventional staging of 45 patients with newly diagnosed HD and NHL was investigated by Delbeke and coworkers 45 Discordant lesions were verified by biopsy or clinical follow up. In this study FDG-PET changed the initial staging in 16% of the study population, upstaging five and downstaging two patients. Furthermore, the change in staging led to a modification in the therapeutic approach in 13% of patients. 45 In addition to the positive impact of PET, these authors report that false-negative FDG imaging understaged three patients (7%), including two patients with low-grade NHL and one with HD. They concluded that FDG-PET is an efficient method for staging of lymphoma but should be used in conjunction with conventional staging as complementary modalities.
Fifty-two patients with lymphoma were prospectively investigated in a study aimed at assessing the role of FDG-PET for staging at diagnosis as compared with CT and BMB. With the exception of infradiaphragmatic sites of disease, a region where both modalities produced similar results, FDG-PET was found to be significantly superior to CT. The better performance of FDG-PET was demonstrated for both nodal and extranodal sites. Improved diagnosis by PET induced a modification in the therapeutic approach in 8% of this study population. 46 Jerusalem and coworkers assessed FDG-PET in lowgrade NHL and found it superior to conventional staging in follicular NHL but suboptimal and therefore inappropriate for staging small lymphocytic type lymphoma and for detecting bone marrow involvement. 47 An additional study reported the combination of PET, CT, and physical examination to be more sensitive than conventional staging alone for low-grade NHL with the exception of detecting bone marrow involvement. 48 Extranodal lymphoma involving organs, such as the liver, spleen, bone and bone marrow, usually is accompanied by only subtle, difficult-to-detect anatomical changes. 49 Diagnosis of extranodal involvement may have a significant impact by altering the stage of disease. Bone marrow involvement is present in 10% and 25% of newly diagnosed HD and NHL, hepatic involvement in 3% and 15%, and splenic in 23% and 22%, respectively. 49 Stage 3 and extranodal stage 4 lymphoma have poorer prognosis. A number of studies have assessed the value of PET in the diagnosis of bone marrow, osseous and splenic involvement of lymphoma. [49] [50] [51] [52] [53] In a study evaluating the role of FDG imaging for staging newly diagnosed HD, 41% of patients were upstaged based on PET results. In half of these cases, the upstage was due to FDG uptake in splenic or extranodal sites not visualized on CT. 38 Another study assessed the presence and degree of FDG uptake in the spleen at staging. FDG-PET correctly identified all patients with and without splenic involvement and was superior to CT for this purpose
. 52 Moog and coworkers also compared the ability of FDG-PET to detect extranodal involvement to that of CT. Fourteen of 15 extranodal sites detected by PET were confirmed as lymphomatous involvement. In contrast, five of six extranodal lesions detected only by CT showed no further evidence of lymphoma. 49 Some reports assessing PET for bone marrow involvement are encouraging. In one study, PET and marrow histology agreed in 78% of the patients. 53 A second study showed that beside detecting disease involvement histologically confirmed by biopsy, PET also detected bone marrow involvement in 10% of patients that had an initial negative BMB but were later confirmed as presenting with bone marrow disease. 50 Comparing the accuracy of PET for diagnosis of bone marrow involvement to that of unilateral BMB, widespread patterns of bone marrow involvement were found to be positive by both tests. PET was found to be superior to BMB in detecting focal skeletal or bone marrow infiltration and more accurate than CT for diagnosis of widespread infiltration. 46 Based on these reports, FDG-PET may have an important role in guiding other imaging modalities, such as MRI, and in directing biopsy for assessment of extranodal involvement. This should lead to further improvement in lymphoma staging. 10, 50, 54 The cost-effectiveness of FDG-PET for accurate staging of lymphoma has been evaluated and compared with other imaging modalities in 18 patients. A hypothetical two arms strategy, one using conventional staging and the second using a whole-body FDG-PET based algorithm with additional selected imaging studies directed by PET, was evaluated. Both arms showed a similar diagnostic accuracy. The theoretically calculated difference in cost between the PET based and conventional staging algorithm resulted, however, in total savings for this study population of about US $30,000 when using PET. 9 FDG-PET appears to be a noninvasive, efficient, and cost-effective whole-body imaging modality with a high sensitivity, specificity, and accuracy for staging patients with most histological types of HD and NHL. It is generally accepted today that FDG-PET should be added as a clinically valuable tool to conventional staging modalities. 9, 39, 55, 56 
FDG-PET FOR THE ASSESSMENT OF LYMPHOMA RESPONSE AFTER TREATMENT
Changes in volume of a tumor mass are neither sensitive nor specific enough for accurate definition of cancer response to therapy. 57, 58 The presence or absence of increased FDG uptake, however, is an indicator of the tumoricidal effect of chemotherapy in lymphoma. 59 An initial study evaluated both Ga-67 and tritiated deoxyglucose in an experimental tumor model and demonstrated the unique ability of functional imaging tracers to assess tumor viability. 60 After this report, a large volume of data showing the preferential accumulation of FDG in viable tumor cells of various malignancies and lymphoma in particular has been published.
Accurate assessment of response at the end of therapy is of considerable prognostic importance with longer overall survival and disease-free survival for patients who achieve a CR 61 . Furthermore, with new therapeutic strategies available, even after initial treatment failure, accurate and timely response assessment is needed for further tailoring of the most appropriate therapeutic approach in the individual patient. The main dilemma in assessing response at the end of first-line treatment of lymphoma is the presence of residual masses in a large percent of patients. 58 The limitations of conventional morphologic imaging modalities in characterization of a residual mass are well documented. 57, 58, 62 FDG-PET, however, represents an accurate test for the assessment of patients' response after therapy, as well as for predicting long-term prognosis. [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] As shown previously for Ga-67 scintigraphy, the metabolic imaging concept of FDG-PET provides the foundation for post therapy assessment of residual masses in lymphoma patients. 79 Initial studies have assessed response to treatment in heterogenous populations including both HD and NHL patients. Better specificity and positive predictive value (PPV) for FDG-PET (92% and 94%, respectively) as compared with that of CT (17% and 60%), have been reported in the post therapy assessment of 27 lymphoma patients. 63 In an early study of 44 patients with HD and aggressive NHL with residual abdominal masses, a positive PET after therapy detected all 13 patients who further relapsed while only 14 of 37 (38%) patients with positive CT after therapy had recurrent disease. 64 There was a statistically significant difference in 2-year relapse-free survival between patients with positive and negative FDG-PET at one month after completion of therapy. The majority of relapses (93%) occurred in sites showing persistent FDG uptake at the time of therapy completion. 64 A significant difference in the relapse rates in patients with positive and negative PET after treatment was found in other studies as well. 65-67 A PPV of 100% for PET, as compared with 42% for CT, was found in 54 patients with HD and aggressive NHL assessed after therapy. The negative predicitive values (NPV) of PET (83%) and CT (87%) were, however, not significantly different. 65 PET and CT performed at the end of treatment play a complementary role in accurate assessment and prediction of response. [64] [65] [66] All patients with both positive PET and CT after therapy relapsed, whereas recurrence was diagnosed in 26% of patients with negative PET and positive CT, and in only 10% of patients with both negative PET and CT. 65 A combination of PET and CT at the end of first-line chemotherapy was suggested for patient stratification at risk for relapse. Both PET and CT negative studies after therapy indicated a low risk for further relapse, with a 2-years progression-free survival (PFS) rate of 87%. Positive residual CT with a negative PET predicted an intermediate risk with PFS rate of 60%, while positive PET indicated the highest risk, regardless of CT findings, with PFS of 0%. 65 The high accuracy of posttreatment FDG-PET for characterization of residual masses and prediction of prognosis was also confirmed on separate studies in HD and NHL patients. [67] [68] [69] [70] [71] [72] In a large series of 93 NHL patients, Spaepen and coworkers found that FDG-PET performed 1 to 3 months after completion of first-line chemotherapy, had a PPV of 100% and a NPV of 83%. 68 There was a significantly different relapse rate between patients with positive and negative PET, with a 2-year PFS of 4% versus 85% respectively. Additional studies further confirmed the prognostic superiority of PET over that of CT after therapy for NHL. 67,69,70 Similar results were also obtained in the analysis of posttreatment studies for HD. [70] [71] [72] [73] [74] [75] In a study of 60 patients with HD, 55 patients (92%) had a negative PET after treatment with 50 of these 55 patients achieving a CR. All 5 patients with a positive PET relapsed. The 2-year PFS was 0% for patients with positive PET as compared with 91% for patients with negative PET. 73 Discrepant results were reported regarding the predictive performance of FDG-PET after therapy, reporting suboptimal PPVs for predicting the further course of disease. 66, 69, 70, [76] [77] [78] In 34 patients with HD and NHL, negative PET after treatment had a NPV of 100% and a PPV of 61%. 77 In the assessment of 58 lymphoma patients with residual masses, FDG-PET after therapy predicted recurrence with a NPV of 96% and a PPV of 62%. 69 In contrast, a recent study of 40 HD and NHL patients, showed a low NPV with relapse being diagnosed in 23% of patients who had a negative PET after therapy. 66 These variable results may be the result of size-related issues of the study population, different imaging techniques and variable lengths of follow up periods. However, cumulative data analyzing different lymphoma types suggest that the predictive value of FDG-PET depends on the pretherapy prognostic profile of the patients and the resulting prevalence of treatment failure. The response rate in HD is usually higher than in NHL and therefore a negative PET study appears to be highly correlated with prolonged CR, especially in early stage disease. Negative PET in HD can be further used for confirmation of response, in particular in the presence of residual masses, which are frequently observed on CT. A positive PET is an infrequent finding at the end of treatment for HD and the chances of a false-positive result are relatively high as reflected by the lower PPV of PET relative to its NPV in patients with early stage HD. 71, 72, 74, 75 In advanced-stage HD as well as in aggressive NHL, prevalence of relapse is higher and a positive PET after first-line therapy is highly predictive of treatment failure. 68, 73 A negative PET in these patients does not exclude minimal residual disease and should not be used therefore as the sole indicator of disease eradication. Nevertheless, it should be noted that even a false-negative FDG-PET after treatment is still predictive of a longer PFS than a positive PET. 68 Differential interpretation of PET after therapy in different types of lymphoma may improve the correct estimation of treatment response. This difference in threshold criteria used for PET interpretation in HD and NHL patients was demonstrated by Naumann and coworkers 69 In this study, only one of six HD patients with a positive PET relapsed, while none of 15 patients with equivocal, low degree FDG uptake had a recurrence. In contrast, while all NHL patients with definitely PETpositive studies relapsed, this also occurred in two of three patients with NHL and equivocal PET findings. 69 In view of this potential limited independent prognostic power of PET, it has been suggested that a different algorithm should be applied for the clinical use of PET results after therapy in different types of lymphoma. 68, 73 In NHL and high-stage HD a positive PET at the end of first-line therapy is highly suggestive of disease and requires intensive confirmatory investigations. A negative PET does not exclude the presence of minimal residual disease and future relapse, and requires close follow up. However, in early-stage HD, a negative PET can be used to define CR with favorable prognosis, even in the presence of residual masses on CT. A positive PET, especially if located in a site different from the residual mass, should be assessed with caution and benign or inflammatory etiologies should also be considered in the differential diagnosis of persistent disease. 69, 73 The precise fusion of morphologic and metabolic imaging data using hybrid PET-CT systems may be potentially useful for the management of a residual mass after therapy of lymphoma. 18, 19 The precise localization of viable tissue within a residual mass on CT can direct further invasive diagnostic procedures. Uptake in other suspicious lesions may be better characterized by precise superimposition either on sites of disease or in areas of normal physiological and benign tracer biodistribution.
FDG-PET FOR THE DETECTION OF RECURRENCE
Early diagnosis of relapse will lead to early administration of salvage therapy with potential for a better outcome. The ability of FDG-PET to accurately detect mediastinal and hilar recurrence as well as for optimized restaging of recurrent HD and NHL, including detection of additional sites not seen on CT, has been described. 43, 72, 75, 80 The accuracy of PET for diagnosis of recurrent HD was found to be superior to that of conventional imaging (83% versus 56%). PET accurately confirmed disease status in 15 of 18 sites, detected 10 sites of relapse and excluded disease in 5 lesions suspected on CT. 75 One study was aimed at assessing the value of FDG-PET performed during routine follow-up for early detection of recurrence. 81 A high NPV but low PPV was reported in this study of 36 HD patients. PET detected residual or recurrent disease in all 5 patients with disease, preceding other diagnostic modalities by 1 to 9 months. Negative PET accurately excluded relapse, even when clinically suspected. However, 6 of 11 positive PET studies were falsely positive. Repeat PET studies performed in these 6 patients without any further therapeutic interventions were negative. False-positive results were due to FDG uptake in a hyperplastic thymus, in the gastrointestinal tract and in an inflammatory lung lesion. 81 Larger studies are necessary to evaluate the performance of PET for early detection of recurrence, and especially to assess the clinical impact of PET on patient management and outcome. 81 The advantages of PET-CT hybrid imaging in restaging of lymphoma was described in a study of 27 lymphoma patients assessed after therapy. 19 Although there was no significant difference in sensitivity, specificity or predictive values between FDG-PET and FDG-PET-CT, hybrid imaging modified the disease restaging in 3 of 14 patients with recurrent lymphoma.
FDG-PET FOR ASSESSING THERAPY RESPONSE DURING THERAPY
Long-term prognosis of lymphoma depends not only on pretherapy clinical factors but also on the chemosensitivity of the tumor in the individual patient. Rapidity of response during treatment appears to be an accurate predictor of response, with early tumor regression indicating higher cure rates. 7 Accurate early assessment of response allows for timely institution of aggressive second line protocols in the presence of a smaller resistant tumor load, and, on the other hand, can potentially avoid treatment-related toxicity.
As shown previously for 67 Ga after one or two cycles of chemotherapy, 82 FDG-PET performed early during treatment allows for assessment of early response and for predicting long term prognosis. 39, [83] [84] [85] (Figs 2 and 3 ) Initial data in small study groups showed a significant decrease in FDG uptake in chemosensitive lymphoma as early as after one cycle of chemotherapy. 39, [83] [84] [85] A decrease of 60% in SUVs was observed at 7 days, and a total decrease of 76%, as compared with pretherapy values, was observed at 42 days after initiation of treatment. A cut-off SUV value of 2.5 differentiated responders from nonresponding patients. 39 Although some authors suggested an improved estimate of response by repeat PET studies, 84 Romer and coworkers found that a single PET study performed after two cycles of chemotherapy was predictive of long-term prognosis. 39, 84 Further larger scale studies confirmed these initial results. [86] [87] [88] Jerusalem and coworkers found visual assessment of FDG-PET predictive of therapy response in 28 patients with NHL who were evaluated after two to five cycles of chemotherapy. 86 Twenty-one of 23 patients with a negative PET achieved a CR, whereas four of five PET-positive patients did not respond to treatment. The 2-year PFS was 0% for PET-positive and 81% for PET-negative patients. As previously discussed, the better predictive value of positive versus negative PET during treatment, as well as at the end of chemotherapy, may be related to the high-risk patient population evaluated. In a different study of 23 NHL patients, FDG-PET after two to three cycles was used to predict long-term outcome. 67 Relapse rate in patients with positive PET was 87% as compared with no relapses diagnosed in PET negative patients.
The earliest assessment of response during therapy was performed by Kostakoglu and coworkers using FDG-PET after 1 cycle of therapy in 30 patients with HD and NHL. 87 Imaging with a dual-head coincidence camera, they found a statistically significant difference in PFS between patients with positive and negative PET after the first cycle of chemotherapy. Visual definition of response early during therapy had a sensitivity, specificity and accuracy of 87%. PET after the first cycle had a lower false-negative rate (13%) than posttherapy PET (35%), possibly reflecting the presence of a small, but still detectable tumor load of resistent cells early, but not late in the therapy course.
In a large prospective study of a homogenous group of 70 patients with aggressive NHL, visual interpretation of FDG-PET performed after three to four cycles of firstline chemotherapy predicted PFS and overall survival independently from, and better than the international prognostic index. 88 Thirty-one of 37 PET negative patients achieved durable CR. Even when PET results were false negative, the PFS of these patients was longer than that of PET positive patients. All 33 PET-positive patients at mid-treatment failed to respond. Quantitative measurement of the percent decrease in SUV after one to two cycles of treatment as compared with baseline levels was shown to differentiate short-term responders from nonresponders in a group of 17 patients, most with advanced-stage lymphoma. 89 In the same study, visual analysis predicted 24 months outcome with a high PPV but lower NPV.
A number of studies have assessed the role of FDG-PET in predicting response to high dose chemotherapy with autologous bone marrow transplantation (HDT/ ASCT). [90] [91] [92] [93] The predictive value of FDG-PET performed before the therapeutic intervention for post transplantation prognosis was evaluated in 60 patients. 93 The study showed a significant difference in overall and progression-free survival after transplantation, between patients who had negative or positive PET before HDT/ ASCT. Twenty-five of 30 patients with negative PET achieved a prolonged CR, whereas 26 of 30 patients with positive PET relapsed after ASCT. PET performed 2 to 5 weeks after initiation of salvage therapy was shown to predict outcome of HDT/ASCT better than CT. 92 A correlation between persistent response demonstrated on PET through the late phase of induction therapy and favorable outcome of transplant has been also demonstrated. 91 The need for optimized PET scheduling for the purpose of response assessment during different therapy protocols was demonstrated in a group of 14 patients assessed after 131 I-anti CD20 radioimmunotherapy (RIT). 94 A slower pattern of metabolic response of lymphoma to RIT was described in comparison with the previously reported response pattern to first-line chemotherapy. In patients receiving RIT, delayed FDG-PET, performed at 1 to 2 months after therapy had a better predictive value than early PET. 94 A key factor for successful management of lymphoma is the ability to assess the presence and degree of an individual patient's response to therapy. Literature data indicate that FDG-PET provides an excellent tool for accurate assessment of response during and at the end of treatment and during follow up for diagnosis and restaging of recurrence. FDG-PET has been assessed for first-line induction therapy as well as for new and more aggressive treatment protocols. Despite this proven value of FDG-PET for monitoring therapy response, several open issues still need to be validated and standardized for optimized utilization of this test. The importance of the pretherapy baseline study for the assessment of response is still undefined. Today's limited literature data do not indicate that pretherapy PET has additional value for the accurate assessment of response after therapy. 65, 67 The role of quantitative assessment of the degree of FDG uptake before and after treatment is unclear. 72 To date most conclusions are based on visual analysis of PET data while a quantitative evaluation has the potential to improve specificity and PPV of PET. Using an SUV value of 3 as a threshold for positive PET after treatment, the specificity of the test rose from 68 to 94% when compared with visual interpretation. 69 Quantitation, using SUV or other indices, may be of particular value in the early assessment of response during therapy, when slight changes in the degree of FDG uptake can occur.
The role of FDG-PET for assessing response to therapy of indolent NHL also needs to be addressed. Differences in natural history, prognosis and treatment options for this category of patients do not allow extrapolation of conclusions from the currently available literature data. Although FDG-PET appears to have a role for assessment of lymphoma response to treatment, large patient series need to be evaluated prospectively, using standardized protocols, to address additional open issues such as the epidemiologic characteristics of the study population, criteria for the qualitative and quantitative definition of imaging response on PET, and the timing, type, and length of follow up that should be implemented into routine clinical practice.
FDG-PET AND GA-67 SCINTIGRAPHY: COMPARATIVE STUDIES
More than two decades ago, Iosilevsky and coworkers showed that 67 Ga and 3 H-deoxyglucose are both indicators of a viable cancer tissue in an experimental tumor model. 60 They found a direct linear relationship between the amount of viable tumor tissue and the presence of uptake of both tracers. In treated fibrotic tumors, uptake of both 67 Ga and tritiated deoxyglucose was markedly decreased, while tumor size was not related to tumor viability. Large tumors consisting only of necrotic or fibrotic tissue showed lower 67 Ga and deoxyglucose uptake as compared with small but viable tumors that had been only partially treated previously. 60 Paul and coworkers, in a first report on FDG uptake in 5 lymphoma patients also performed a comparative analysis to 67 Ga uptake in the same patients. Four of the 5 patients had a positive PET study whereas only two of five demonstrated abnormal 67 Ga uptake. 22 In 21 patients with both HD and NHL of the head and neck who underwent both FDG imaging and 67 Ga scintigraphy, all tumor sites were detected by PET. 35 PET showed better performance than 67 Ga, but the fact that low doses of 67 Ga were injected and SPECT was performed in only a third of the study population should also be considered.
FDG uptake also showed a better correlation with prognosis than Ga. 35 Nuclear medicine techniques provide unique physiologic information about malignancies. Although both 67 Ga and FDG are tumor viability indicators, their mechanism of uptake by malignant tissue is based on different principles. 67 Ga is taken up by malignant cells, lymphoma in particular, probably based on an intracellular transferrin-related transport mechanism. Inside cells the tracer is incorporated in lysosome-like granules and shows a slower clearance from malignant as compared with normal tissues. FDG, as mentioned above, is incorporated in malignant cells with a high glycolytic metabolism, due to intracellular trapping of FDG-phosphate. 18 For many years 67 Ga scintigraphy has been consid- ered the imaging modality of choice for functional assessment of lymphoma, and its value is well established. Despite technical progress in performing 67 Ga scintigraphy, poor count rates leading to low resolution images have made these studies difficult to interpret. Clear definition of sites of uptake and their exact topography are challenging for the inexperienced reader. With the advances in the availability of PET and FDG and subsequent widespread clinical applications, a number of studies have compared the performance capabilities of these two functional imaging modalities in the assessment of lymphoma.
A study comparing PET and 67 Ga evaluated 111 sites of disease in 25 patients with different types of lymphoma at diagnosis and relapse. 95 The sensitivity of PET was 96% versus 72% for 67 Ga. The false-negative 67 Ga studies were attributed to poor detection of low-grade NHL, bone and bone marrow involvement, as well as lesions smaller than 12 mm in diameter. PET was false negative in a single patient with low grade gastric NHL. 95 Sixteen patients with HD and NHL underwent both 67 Ga and PET for monitoring response to treatment or restaging of relapse. 96 Six of the 16 patients showed discongruent results between the two tests. Interestingly, in one study this discrepancy occurred early during treatment, after two cycles of chemotherapy. The high sensitivity of PET for detection of small tumor load that may be still present early during treatment has to be considered. The criterion of a negative 67 Ga study as the only good prognostic indicator may not, in the future, be applicable to PET results and needs therefore to be further explored.
The differences in the performance rate of PET, 67 Ga and CT for staging of HD and NHL were evaluated in 50 patients. 97 In this study the per-patient true positive yield for PET, 67 Ga and CT showed similar values (95%, 88% and 90% respectively). On a site-based analysis, PET showed superior values, 82%, as compared with both 67 Ga with 69% and CT, 68%. Fifty-one paired camerabased PET and 67 Ga studies were performed in 38 patients with HD and NHL at staging and restaging. The sensitivity of 67 Ga was 83% for patient analysis and 72% for lesion analysis in comparison with 100% for PET for both types of analysis. 98 Bar-Shalom and coworkers Fig 3 (cont'd) .
have compared 67 Ga and camera-based PET in 84 patients with 219 suspected sites of disease.
99 67 Ga defined the state of disease in 63% of patients and 33% of sites as compared with 83% and 87% for FDG imaging. In cases of discongruence between the two modalities, FDG imaging reports were confirmed as true positive in 71% and true negative in 92% of patients. A higher detection rate of camera-based PET was found for both nodal and extranodal lymphoma sites, in particular for accurate assessment of lymphomatous involvement of the skeleton. 99 Diagnosis of splenic involvement, an additional common site of lymphoma, is difficult using nuclear medicine techniques because both 67 Ga and FDG are physiologically taken up in variable amounts by the normal spleen. In addition, lymphomatous splenic involvement is, as a rule, diffuse, thus increasing the diagnostic challenge. The value of PET and 67 Ga scintigraphy was compared in 32 patients with HD and clinically or surgically confirmed splenic involvement. 100 The sensitivity, specificity and accuracy of PET were 92%, 100%, and 97%, respectively, as compared with 50%, 95%, and 78% for 67 Ga. 99 As concluded by the authors, PET may be an accurate noninvasive modality for diagnosis of splenic involvement, leading to a potential decrease in the frequency of surgical staging.
A recent study has evaluated PET and 67 Ga after two cycles of chemotherapy in 26 patients with NHL. Overall, the authors concluded that PET allows for superior early monitoring of response to treatment as compared with 67 Ga. 101 FDG imaging solves some of the clinical dilemmas previously reported for the use of 67 Ga scintigraphy. PET optimizes the correct characterization of viable or treated bone lymphoma as well as the diagnosis of visceral lymphoma involvement. 99 Benign perihilar 67 Ga uptake reported in a large number of patients, mostly during and after treatment has not been described for FDG-PET. 99 There are still a number of pitfalls common to both tests. Hyperplastic thymus demonstrates increased uptake of both FDG and 67 Ga. Various inflammatory processes also take up both tracers. 99 Technical characteristics, including better contrast and resolution, lower dosimetry, shorter scanning time with improved patient comfort, all favor FDG-PET imaging. It is indeed time to shift gears, 102 and this reality is taking place in most imaging centers that have access to PET and are active in evaluating lymphoma. Differences in the biological significance of FDG uptake and its dynamics in response to therapy, as compared with 67 Ga, should be considered in further clinical studies.
PET has made its way as the diagnostic modality for evaluation of HD and NHL into routine clinical practice, changing the management algorithm of lymphoma patients. In the future new PET tracers that will allow for a more accurate biological characterization of lymphoma and a specific treatment-oriented evaluation will enable the assessment of additional aspects related to the diagnosis and management of this potentially curable malignancy.
